ABSTRACT
INTRODUCTION
Macrophages are cells involved in inflammatory processes [1] . All orthopedic biomaterials may induce a biologic host response to generated wear debris, which is strictly dependent on the nature of the debris. Metal wear particles and metal ions from prosthetic devices may induce a cascade of adverse cellular reactions that may include inflammatory complications, macrophage activation, bone resorption, and, although rarely, neoplasia [2, 3] . In this context, macrophages play a decisive role in the hostile inflammatory reactions that can lead to the loosening and implants failure.
Implanted metal surfaces in biological environments are exposed to cells and to physiological milieu interacting between them, an interaction that affects both, the cells and the metallic surface. Implanted metallic materials, such as CoCr alloys, undergo dissolution and formation of a passive film that is affected by factors such as pH, ions present in the physiological medium, temperature, and biopotentials. Biopotentials are natural electrical properties that control the normal growth and development of different types of cells and tissues [4, 5] . When a tissue is injured its potentials undergo alterations to the normal potential of intact tissue [6, 7] . Both, biopotentials and injury potentials are found in bone and these potentials induced between injured and intact tissues persist until the tissue heals. Potentials in injured tissue can span over hundreds of microns and are generated by current or ions flowing through the injured tissue [8, 9] ranging over 10-100 mV/cm [10] . Assuming the resistivity of soft tissues to be 100 Ωcm [9, 11] the resulting currents are in the 1-100 μA/cm 2 range [8, 12] . Fukada and Yasuda have already described in 1957 the piezoelectric nature of the bone tissue [13] .
Endogenous electrical properties of bone may play a role in the feedback mechanism of bone remodeling and development [14, 15] . In vivo, these electrical signals work in collaboration to provide the correct environment for normal bone growth and development, but can be disrupted or altered by an injury after a trauma and during the healing process. Moreover, the resulting voltage gradients may induce modifications in the electrochemical potential of metallic implants and consequently may affect their surface properties.
Díaz et al. [16] recently characterized the CoCr alloy oxide films in a phosphate buffer solution containing 0.3% of hyaluronic acid, a concentration in the range reported for synovial fluid of healthy joints [17] and under potentials with current densities similar to those reported for injured tissues (1-100 μA/cm 2 ). Potentiostatic pulses applied during the growth of the CoCr oxide film produced a modification of the film that affected its chemical composition, thickness, and structure compared to the passive film formed in air [16] . These modifications induced surface heterogeneities at the atomic scale, geometric irregularities, such as nano-roughness, and a variation of the oxide composition [16] . Moreover, application of potentials of 0.7 V vs Ag/AgCl induced changes in the oxide layer with the formation of 10-50 nm diameter nanopores, uniformly distributed along the surface and an increase in Cr (VI) and Mo (VI) concentration [16] .
Despite the presence of the passive film, metals are susceptible to corrosion, particularly in aqueous environments, which may affect the surrounding tissue. Corrosion events generate electrical currents due to electron transfer from ions in the solution to the metallic surface where reactions are occurring. Wear-corrosion phenomena and micromotion or frettingcorrosion mechanically removes material, including the passive film, causing continuous activation/repassivation cycles [18] . These continuous and dynamic processes not only weaken the surface performance but also lead to an increase in the debris around the implant.
Wear debris is considered one of the main factors responsible for aseptic loosening of orthopedic endoprostheses [19, 20] . Implant failure due to aseptic loosening, or osteolysis, may result from the release of wear debris or electrochemical ions generated during corrosion events [20] [21] [22] .
From the electrochemical point of view, the metallic surfaces of implants, the breakdown of the passive film under wear corrosion process causes a drastic decrease in the open circuit potential of the metal towards negative potentials, i.e., from the passive to active state. This situation can suppose a polarization of about 500-700 mV with respect to the original open circuit potential. The change from the passive to active state can be induced mechanically under wear and electrochemically applying anodic polarization on the tribological system. Several researchers have studied the wear corrosion processes by application of anodic potentiodynamic polarization under wear processes [23, 24] .
The object of this paper was to evaluate the biocompatibility of particles produced during wear-corrosion assays of a CoCr alloy at potentiodynamic range to cover a wide polarization window on the samples. The hyaluronic acid, one of the main lubricant molecules of the synovial liquid, was selected as the electrolyte for the generation of wear particles in conditions that represent more closely the prosthesis environment. Since macrophages are the main cells involved in the primary response to foreign bodies, cytotoxicity and biocompatibility of the wear particles were evaluated using these cells, measuring lactate dehydrogenase and mitochondrial activity respectively.
RESULTS AND DISCUSSION

WEAR-CORROSION TESTS
The interaction of physiological fluids with the bearing surfaces of hip implants is of great importance in the research of artificial joint lubrication, although this study has been so far polarization (PBS-HA+POL). In both cases, debris is accumulated at the surrounding areas next to the wear tracks, but the surface inside the track is especially degraded when anodic potentiodynamic potential is applied. Figure 4 shows, as an example, the different spectra taken on the different area of interests in PBS-HA-POL outside and inside the track and on the debris accumulated around the track. There are some important facts that should be highlighted. The first one is the high % C that contains the accumulated debris at the surrounding areas of the wear track in PBS-HA+POL. The second one is that Co/Cr ratio is mostly maintained outside the track and in the debris having a similar value of 1.85 and 1.71, respectively. It means that this deposit in the wear track is mainly composed of C and O, the greatest proportion probably coming from the hyaluronic acid. Table 1 On the other hand, the morphology and chemical characterization of the wear particles revealed some interesting results. Nevertheless, the application of polarization during wear tests changed the chemical composition of the particles collected. In this case, the wear particles produced under anodic polarization increased the Co/Cr ratio. As wear particles obtained without polarization, these particles also contained P although in a lower proportion.
The 
MACROPHAGE CELL RESPONSE
Since macrophage is a primary immune cell type resident in tissues and is the main cellular type involved inflammatory process [1] is necessary to evaluate the response of this cell line to wear particles generated from the implanted materials in order to know its biologic host response. Here macrophage response was evaluated by measuring the effect of wear particles in cell toxicity and in respiratory activity.
Cytotoxicity induced by HCCoCr wear particles obtained in the different tribocorrosion tests was analyzed by measuring LDH activity released from cells ( Figure 6 ), whose levels increase upon plasma membrane damaged being a sign of cell death [27] . As is shown in Figure 6 , exposure of macrophages cultures to wear particles induced a degree of cytotoxicity that was mainly dependent of the conditions used during wear-corrosion assays and particle concentration. As shown in Figure 6 panel A, particles concentration of 0.5 mg/ml obtained in PBS produced almost 58 % cytotoxicity, a percentage that was highly reduced to almost 12 % when wear particles were generated from tribocorrosion tests in presence of 0. Application of anodic polarization during tribocorrosion assays generated wear particles from CoCr alloy that affected macrophage mitochondrial activity response. It is well known that mitochondrial activity measurement is directly proportional to the number of metabolically active cells in culture that is for this reason a measure of cell viability and biocompatibility [27] . As shown in Figure 7 panel A, wear particles derived from HA solution tests produced a progressive reduction in the respiratory response of macrophages that is wear particle dosedependent. This effect was dramatically reduced when polarization was applied during wear-corrosion tests as no significant effects in the respiratory activity were observed ( Figure 7 panel B). These results suggest that polarization treatment in combination with presence of 0.3 % of hyaluronic acid produces changes in material behavior that seems to be beneficial to cell viability and biocompatibility. In summary, the in vitro assays seem to indicate that the particles from wear corrosion in PBS supplemented with 0.3% hyaluronic acid under anodic polarization are more biocompatible and less cytotoxic. At this point, three different characteristics of the wear particles must be considered: size, number and chemical composition. It is known that particles size is inversely proportional to the cytotoxicity degree [28, 29] , a data that could explain why particles from wear corrosion tests in PBS and in PBS supplemented with 0.3% HA in the absence of anodic polarization elicited a lower macrophages cell biocompatibility, as in these samples a higher proportion of small particles were detected (data not shown). The particles produced in these solutions and in these experimental conditions proceed from the breakdown of the passive film formed in the material surface where an enriched in chromium oxide was observed, a compound with high toxicity [30] . It is also necessary to consider that macrophages assays here reported were done taking in consideration the concentration of particles, that means that for the same total mass the proportion of particles with small size probably is higher in the assays performed in absence of polarization, either in PBS or PBS+0.3% HA, that could also give explanation for the lower macrophage biocompatibility of these particles.
As it is here reported, the wear particles from corrosion tests under polarization in a solution of PBS containing a concentration of 0.3 % HA have larger size and a chemical composition with higher content in Co, suggesting that the application of anodic polarization during wear tests promotes the detachment of larger particles from the HCCoCr base material, particles size and composition that could account for the lower cytotoxicity observed.
Materials and methods
Material
A high carbon CoCr alloy (hereafter HCCoCr) that complies with ASTM F75 standard was used as material. HCCoCr composition is shown in Table 3 . "Double heat-treated" disks, i.e.
solution treatment (ST) followed by hot isostatically pressing (HIP), of 38 mm in diameter and 4 mm thickness, were obtained from BIOMET Spain Orthopaedic (Valencia, Spain). The sample preparation consisted of grinding on SiC paper, followed by mechanical polishing with 3 µm diamond paste. 
Wear-corrosion tests under electrochemical control
Wear-corrosion experiments were carried out on a pin-on-disk tribometer. For comparative purposes, the anodic potentiodynamic polarization without wear in PBS and PBS-HA was also measured. Surface characterization of the worn surface after wear corrosion tests under polarization and without polarization was performed by profilometry and using a JEOL-6500F microscope equipped with a field Emission Gun (FEG) coupled to an Energy Dispersive X-ray (EDX) spectrometer. Secondary electron (SE) images were taken at 7,5 keV and EDX analysis were performed at 20 keV.
Characterization of particles
Debris from tribocorrosion tests performed in PBS, PBS containing 0.3 % hyaluronic acid 
Macrophages cell cultures assays
The biocompatibility of wear-particles was tested in a mouse macrophage cell line (J774A.1), from DSMZ Human and Animal Cell Bank. Macrophages cell cultures were exposed to different concentrations of wear particles.
Wear-particles obtained from the wear-corrosion tests were centrifuged and the particle pellet (WST-1 assay) and plasma membrane damage (LDH assay) were used to evaluate the biocompatibility and cytotoxicity respectively as described below [27] .
Mitochondrial Activity Measurement
Reduction value -low control) / (high control -low control)]× 100; where experimental value (exp.
value) corresponds to the absorbance of the treated sample in study exposed to wear HCCoCr particles, low control is the absorbance from the untreated cell cultures with no particles, that corresponds to spontaneous LDH released and high control is the absorbance value obtained after total cell cultures lysis that corresponds to the maximum releasable LDH activity. The background absorbance corresponding to complete cell culture media was subtracted from the absorbance of all samples before cytotoxicity calculations. All experiments were carried out in triplicate.
CONCLUSIONS
• The cytotoxicity and the viability showed here suggest that the simultaneous use of anodic polarization conditions in an attempt to simulate currents associated with the biopotentials present in injured tissue in presence of 0.3 % of HA in the wear solution produces an effect in the metallic material that generates wear particles that are macrophages biocompatible and less cytotoxic.
• It is necessary to considerer different parameters characteristics of the prosthesis environment, not only particle size and composition and but the polarization, in order to have a closer view of the biological consequences of the wear products derived from implanted CoCr alloys.
• As more parameters from the prosthesis environment are considered in in vitro assays to study cell-biomaterial interaction, as are the electric interactions, a better knowledge of the different processes that are taking place in vivo at the cellbiomaterial interface will be obtained.
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